Summary: The epidemiological and ecological methodologies used to investigate tuberculosis in badgers (Meies meles) in Great Britain are reviewed. The objectives of these studies have been, on the one hand, to investigate the causal association between Mycobacterium bovis infection in badgers and the occurrence of tuberculosis in cattle and, on the other, to acquire knowledge of the population biology of badgers and the dynamics of infection in order to identify, formulate and assess potential strategies. The studies provide examples of the possible approaches and the practical difficulties that investigations of wild animal populations present; the importance of a multidisciplinary team which can be maintained for the protracted periods necessary for prospective studies is also highlighted.
INTRODUCTION
There are a number of reasons for conducting epidemiological studies of the diseases of wild animals. The three principal techniques for doing so are: a) investigations involving a species which is known to be a possible reservoir of infection for domestic animals and/or man. The objectives in this case being to investigate the putative causal association, to acquire knowledge of the population biology of the species and the dynamics of infection with a view to identifying, formulating and assessing potential control strategies; b) investigations involving a species for which there is some concern that a disease may be important in the survival of the species, or at least in having some effect on the dynamics of the population; c) monitoring of wild animal populations to detect novel infections or changes in prevalence or characteristics of infection. The objective of such monitoring is to detect significant events and changes and thereby enable timely intervention to prevent epidemics from occurring in the species, or in susceptible in-contact species, including man.
Compared with epidemiological studies of domestic animal species, such investigations present a number of problems for the epidemiologist. Nonetheless, when successful they provide some rewarding insights into the dynamics of infection and disease.
The methods available for monitoring wildlife diseases have been discussed recently (20) and this will not be considered further. This paper, therefore, concentrates on the first two reasons for epidemiological studies of wildlife diseases. The experiences of investigating the problem of tuberculosis in badgers and cattle in Great Britain are used to illustrate the practical difficulties and the methods employed, and to highlight the importance of a multidisciplinary team involving, in this instance, experts in ecology, microbiology and immunology as well as epidemiology.
BACKGROUND TO THE PROBLEM OF TUBERCULOSIS IN CATTLE AND BADGERS IN GREAT BRITAIN
As in a number of countries (19) , a significant reduction in the prevalence and incidence of tuberculosis in cattle was achieved in Great Britain in a relatively short time after the introduction of a compulsory national control scheme employing the intradermal tuberculin test with the slaughter of reactor cattle. Although this was successful throughout Great Britain it became apparent that, in certain areas of the southwest region of England, a low incidence of reactor cattle continued despite regular tuberculin testing of all cattle herds, and that this could not be attributed to cattle movements or within-herd maintenance of infection. The first recognition that the badger (Meies meles) was a possible reservoir for M. bovis came in 1971 when a tuberculous badger was found on a dairy farm in one of the problem areas of the southwest of England (18) . Subsequent local surveys of badger populations on and around farms where reactor cattle had been kept revealed prevalences of M. bovis infection up to 35%; these surveys involved trapping and the post-mortem and bacteriological examination of the carcasses.
Subsequent laboratory studies revealed that isolates of M. bovis from badgers and from cattle were bacteriologically indistinguishable (12) . Contemporary studies also indicated that badgers infected with M. bovis did not exhibit a cell-mediated immunity as determined by intradermal tuberculin tests or the lymphocyte transformation test (17) .
By 1975, there was sufficient evidence of an association between infection in badgers and the occurrence of reactor cattle to justify the initiation of a badger-control programme. At the same time, additional research projects were initiated. These included an ecological study of a high density badger population and studies of the epidemiology of tuberculosis in cattle, badgers and other species.
EPIDEMIOLOGICAL STUDIES OF THE CAUSAL ASSOCIATION
Although considerable circumstantial evidence from both field and laboratory studies existed to incriminate badgers as a reservoir of infection for cattle, considerable opposition and disbelief were expressed by some sectors of the public (26); finding possible ways to conduct formal epidemiological studies in order to examine the causal association was therefore necessary. The ideal approach would have been a cohort study which would have fulfilled Evans' third postulate (10). This study was not possible, however, as the badger is a statutorily protected species in Great Britain; furthermore, in the absence of a valid diagnostic test in the live animal, it was impossible to take a sample of badgers for autopsy from areas in which there was no current evidence of M. bovis infection in the local cattle population. Such difficulties highlight the ever-present problem for the epidemiologist of determining the degree of exposure of populations to putative aetiological agents and factors. If this approach had been possible, some thought would have been necessary to preclude an unnatural perturbation of the populations sampled. An alternative approach was a study of the association between exposure to badgers and the incidence of M. bovis infection in cattle. Again, this was not possible because of the absence of any practical and economic means of determining badger numbers on the scale required. Data, however, did exist on the areal density of badger setts in Great Britain. These were used to examine the association between the incidence of M. bovis infection in cattle not attributed to a recognised cause, such as the purchase of an infected animal, and the density of badger setts (23) . This association was examined in three counties of southwest England and in the rest of England and Wales. Evidence of a statistically significant association was found in the southwestern counties and some evidence of a similar association in the other areas. The former finding, therefore, provided supporting evidence of the causal association, while the latter provided a hint that M. bovis infection could be endemic in the badger population throughout the country.
Simultaneous with these analyses were intervention studies which involved considerable efforts to remove badgers from two areas and maintain these areas as badger-free. The studies were successful in preventing the occurrence of infection in the cattle and provided conclusive evidence of the role of the badger as a major source of infection for cattle (13, 22) .
Studies of other wildlife species to assess their possible role as a reservoir of M. bovis
The possible existence of reservoirs of M. bovis in wildlife species other than the badger was initially examined in two relatively small studies in the late 1970s (2, 14) . In addition, there has been a continuous, haphazard sampling of such species found dead and submitted for examination. None of these studies revealed any evidence of other species acting as a maintenance host for M. bovis. As a result of public concern, an external review of tuberculosis in cattle and badgers recommended a systematic examination of other wild animals for the presence of tuberculosis (25) .
In 1981, such a study was initiated in an area of the south of England in which the badger population was known to be infected and which would not be disturbed for the three years planned for the study (25) . The objective was simply to sample the populations of the various species present in order to provide a 95% probability of detecting a prevalence of at least 5%. Where possible, sampling was conducted on populations which had the highest potential contact rate, direct or indirect, with the known infected badger social groups. The simplicity of this objective far outweighed the complexity of its fulfilment in determining the presence of species and in estimating their population size. The latter problem is well-recognised and has resulted in the advocacy of numerous methods of estimation. The method, or methods, used for enumerating each species in this particular study has been described previously (25) , together with the acknowledgement of the limitations imposed by the availability of labour and equipment. It is clear, with the benefit of reflection and hindsight, that certain improvements could have been made in terms of the methodologies; the flaws, however, were not so serious as to question the negative findings of this study.
Geographical distribution of M. bovis infection in badgers
As indicated above, legal constraints have prevented a systematic sampling of badgers throughout the country to determine the geographical distribution and temporal and secular changes in prevalence. Information on the geographical distribution of infection has instead been derived from two sources.
The first is the autopsy of badgers found dead, mostly from road traffic accidents, and submitted by members of the public. Such examinations commenced in 1972, but in 1976 more concerted efforts were made to have both organisations and the general public submit dead badgers for examination. The data accumulated from this source has recently been reviewed (9) . Sample sizes are relatively small for areas in which tuberculosis has not occurred in cattle and, as a consequence, there is little awareness of the problem. The post-mortem and bacteriological examination is also compromised because a proportion of the carcasses are inevitably decomposed. However, given the protracted period of the survey, evidence has been provided that M. bovis is endemic in the British badger population.
Results of the examination of badgers taken in the course of local control operations where cattle have become infected are the second source of information. In a number of cases where routine badger control operations were planned, more detailed investigations, involving the determination of badger social group territory size, population density and the prevalence of M. bovis infection, have been conducted (4, 6, 24) . These more rigorous, cross-sectional studies have provided useful additional information but, in terms of both infection and of the dynamics of the population, the results are difficult to interpret.
ECOLOGICAL AND EPIDEMIOLOGICAL STUDY OF A NATURALLY INFECTED BADGER POPULATION
The initial aim of this study involving an undisturbed population, comprising some 250 badgers in an area of 7 km 2 , was to obtain an understanding of the population biology of the badger, a domain which had not previously been studied in detail. The details of the methods used have been described previously (7) . Briefly, the main techniques have been: a) a systematic trapping regime for a classic capture-mark-recapture programme, badgers being anaesthetised with ketamine (15) and then permanently identified by tattoos (5); b) delineation each spring of social group territory boundaries by means of bait-marking (11); c) radio tracking individuals (3) to study dispersal, local movements and signs of abnormal behaviour, particularly by tuberculous individuals.
The initial years of this ecological study provided essential data on the demography and social structure of the population and, therefore, a sound basis for an epidemiological study. As already indicated, the main difficulty in embarking on an epidemiological study was the absence of a valid diagnostic test in the live badger. However, an attempt was initiated in 1981 to detect tuberculous badgers by the systematic collection and bacteriological examination of clinical samples of excreta. The details of the methods used and an interim report of the findings to the end of 1985 have been described previously (8) . The first stage of the study was to determine which social groups were infected in order to concentrate available resources on these, and contiguous, groups. This was achieved by the biological and cultural examination of fresh faeces collected at fortnightly intervals from the dung pits of the latrines nearest the main sett entrance. A constraint of this method was that only social groups which contained tuberculous badgers with pulmonary disease could be detected, but it did prove successful in detecting four infected social groups within the first six months. The use of faeces sampling was continued for several years until confidence had been gained that the bacteriological examination of clinical samples from individuals was valid.
Essentially, faeces sampling involves badgers under ketamine anaesthesia caught during two nights of trapping at each sampling occasion of the study area sectors. Trapping is restricted to two nights to avoid undue disruption to the social groups; individuals captured on the first night are held in captivity to maximise the trapping rate. Lactating females, sampled and released as soon as possible, are the exception. Each of the five sectors of the study area are sampled in turn at fortnightly intervals, giving a ten-week sampling cycle; each social group is therefore sampled a maximum of five times per year. This trapping regimen embraces the capture-mark-recapture component of the study in that all unmarked badgers are tattooed. All badgers are sampled and the routine samples taken are faeces (by the administration of a "Micralax" enema), urine, tracheal aspirate and blood for storage in the serum bank kept by the study. When appropriate, swabs are taken from bite wounds, ruptured lymph node abscesses and any other external lesions; samples are aspirated using a hypodermic syringe and needle. Each badger is weighed; the capture location and rectal temperature are recorded; the general condition and reproductive status of females are assessed and noted. Known or suspected tuberculous badgers are fitted with a radio-collar.
Knowledge of the infection status of individuals is supplemented by the post-mortem and bacteriological examination of badgers found dead and by badgers fitted with a radio-collar; as a result of monitoring, information can be obtained from setts when death intervenes. This sample of badgers has been used to validate the results of clinical sampling and the opportunity to examine this aspect further has been taken in studies of other populations (21) . The results of these assessments indicate that, because it entails sequential sampling, clinical sampling is a suitably sensitive technique to identify excreting tuberculous badgers. This apparently crude technique can therefore yield useful information.
Two problems associated with this study are the failure to capture every badger at each sampling occasion and the loss to follow up. The former is, in part, the consequence of the seasonal variation in food supply which, when abundant, obviously reduces the attractiveness of the food used for baiting traps. Also, a proportion of badgers may be shy of traps, making them difficult to catch regularly; that cubs may die before emerging above ground further complicates the study of this species. This problem has been partly solved by using information obtained on the reproductive status of females (7) to estimate a "pre-capture mortality rate". The validity of such estimates has been examined by means of modelling to assess whether a stable population results from their use; the infection status of such cubs, however, remains unknown. The problem of loss to follow up is a general occupational hazard for epidemiologists involved in prospective studies. The problem is exaggerated in studying a species whose subterranean residence makes difficult, if not impossible, both the acquisition of carcasses for post-mortem examination and the determination of the date of death. No solutions to the latter have been successfully identified; "mortality tags", which can be set to transmit after a predefined period of immobility, have not fulfilled their potential.
The other main problem is the diagnosis of the lifetime infection status of individuals and the disease status as determined by the results of clinical sampling. Some progress has been made in this aspect by the development, initially, of a blocking, competition ELISA and, subsequently, of an indirect ELISA using monoclonal antibodies. Assay conditions have been optimised for maximum sensitivity, specificity and reproducibility (16) . The sensitivity of the assay with respect to the gross pathology and histopathology of tuberculous lesions and the bacterial load has been subjected to a detailed investigation of 177 badgers obtained from naturally infected badger populations subjected to routine badger control operations. The overall sensitivity was 35% for adults and 60% for cubs. In the adult population only, there is an association between the extent of infection, as determined by the bacterial load or by gross pathology. This has prompted further study, but it is possible that cubs may represent a recently exposed and susceptible population; alternatively, the pathogenesis of the disease in adults may be different from that in cubs. The availability of this test is of considerable potential use in the study, but the variation in sensitivity presents a further complication in interpreting the results obtained from single samples.
The 2,000 sera collected since the study began in 1981 have now been assayed; analyses are currently in progress to gain a further insight into the dynamics of infection in the population. These analyses will also be fundamental in fulfilling the main objective of the study: to determine and evaluate potential control strategies, particularly by using the ELISA for a test-and-cull policy. Together with the ecological analyses, they will provide essential information for further modelling studies. Preliminary mathematical modelling studies have been conducted (1). As they were conducted in the early stages of the epidemiological study when knowledge was very limited and, more importantly, as preliminary findings could have been misleading, these studies were undoubtedly somewhat premature. They did, however, serve to examine potential hypotheses and identify the more important gaps in our knowledge, some of which are gradually being filled.
DISCUSSION
This paper has concentrated on the major epidemiological studies of the badger rather than on the wider aspects of tuberculosis in cattle and badgers. The former are essential to determine how control of the transmission from the wildlife reservoir to cattle can be effected economically. Such studies must be long-term if they are to appreciate the dynamic aspects; they also require a multidisciplinary team approach with, ideally, a protracted continuity of its membership. Opportunities for studies supplementary to the main investigations need to be identified and exploited whenever possible, as is the case with all epidemiological research. Ingenuity in problem-solving is, of course, also necessary. Equally important is the need for continual assessment (particularly of the most rewarding, long-term prospective studies), in order to ensure that the objectives can be fulfilled. The more important hazards are: loss to follow up (which can result, for example, in unusable short runs of data for cohort analyses); use of invalid diagnostic techniques, or those with unknown validity; and failure to maintain standards over a long period of time when definitive analyses are not possible in the short-term. Specific assessments of the validity of the diagnostic tests used should be possible; the other hazards can be overcome, or at least minimised, by frequent examination and preliminary analyses of the accumulated data. The latter can be used to identify potential small-numbers problems, thereby prompting the identification of solutions and, inter alia, to ensure the general quality of the data and methods.
Progress has inevitably been slow in gaining an understanding of the important aspects of the population biology and epidemiology of tuberculosis in the badger. Useful techniques which have assisted in the interim routine badger control strategies have, however, been derived during the course of the studies. Knowledge of the population biology will, one hopes, assist in conservation of species for which tuberculosis is not a problem. More importantly, perhaps, other researchers involved in analogous problems will benefit from the errors committed.
It is hoped that, with the accumulation of data on the current epidemic in the study area, and particularly with the use of the serological assay, the efforts committed to ecological and epidemiological study will prove to be increasingly useful in the future. On the wider epidemiological aspects of the problem, there is a continual need to employ modern technology, particularly information technology for computer systems in the form of geographical information systems and expert systems. Les éléments les plus fructueux du programme de recherche ont été les études prospectives spécifiques des populations, qui constituent la seule approche permettant de comprendre les aspects dynamiques de la biologie des populations et de l'épidémiologie de l'infection et de la maladie. Des études transversales faciles à mettre en oeuvre se sont cependant aussi révélées utiles en complément des études principales à long terme.
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Resumen: El artículo presenta las técnicas epidemiológicas y ecológicas para estudiar la tuberculosis en el tejón (Meles meles) en Gran Bretaña. Dichos estudios estaban destinados, por una parte, a buscar las relaciones causales entre las infecciones por Myobacterium bovis en el tejón y la tuberculosis en los bovinos y, por otra parte, a adquirir conocimientos sobre la biología de las poblaciones de tejones y la dinámica de la infección con objeto de identificar, formulary evaluar las estrategias posibles. El autor cita como ejemplo algunos enfoques posibles y comenta las dificultades prácticas que supone el estudio de una población de animales salvajes, subrayando además la importancia de la presencia de un equipo multidisciplinario durante todo el periodo necesario para los estudios prospectivos.
Los elementos más fructuosos del programa de investigación fueron los estudios prospectivos específicos de las poblaciones, que constituyen el único enfoque que permite comprender los aspectos dinámicos de la biología de las poblaciones y la epidemiología de la infección y la enfermedad. Sin embargo, también se han revelado útiles, como complemento de los estudios principales a largo plazo, algunos estudios transversales fáciles de poner en ejecución.
